Introduction
The ability to distribute quantum resources over long distances is a key element for the development of several practical applications in the field of quantum information. 1 In this way, major efforts have been made in the past decade to extend the maximum distances for the observation of entanglement or for the realization of quantum cryptography. Using optical fibers as the quantum channel, entanglement has already been achieved between photons separated by 50 km of fiber,2 and quantum cryptography is now a commercial technology3 that allows quantum key distributon over distances up to around 100 km.4-6 Progress has also been made towards entanglement distribution in free space, with the achieved distances of about 10 km on ground atmosphere 7 ,8 being a substantial step toward the development of satellite-based quantum communication. 9 -11 However, in spite of all these developments, the quantum communication protocols that have been tested up to now suffer from some fundamental limitations on the maximum achievable distance. 12 Quantum key distribution setups, for example, seem to be approaching their limits. The problem is the absorption of photons in the quantum channel, which grows exponentially with the length of the channel. In classical communication, the attenuation problem is solved in a straightforward way by amplifica-tion of the signal. It is not possible, however, to generate perfect copies of a quantum state,13 which prevents the amplification techniques to be used for quantum communication.
A first step to solve this problem was the development of techniques for entanglement purification. 14, 15 These techniques were inspired by quantum algorithms for error correction, and are designed to obtain a set of transmited states of high fidelity (i. e., high overlap with a maximally entangled state) out of a larger set with lower fidelity, if this fidelity is still above a certain value Fmin. Based on these ideas, a solution for the longdistance-problem in quantum communication was then formulated with the development of the concept of quantum repeater. 16 ,17 The idea is to divide the quantum channel in several segments with lengths that allow the transmission of information with fidelity F > F min , and then apply the entanglement purification algorithms in a hierarchical way, beginning in the smaller portions and going up to larger regions until a high fidelity is obtained for the entanglement of pairs of particles located on the extremes of the communication channel. The connection between the different segments is done by entanglement swapping. 18 ,19 The essential advantage of the quantum repeater protocol is that the number of trials to entangle a pair of particles in this case grows only polynomially with the distance, and not exponentially as in the protocols usually used for quantum communication.
The development of quantum repeaters, however, introduces new challenges which need to be addressed. It is necessary to entangle distant qubits, store them over operational time scales, and perform collective local operations on several of these qubits. Quantum memory is essential, since all purification protocols have a probabilistic nature. If the system had no memory, the purification of all segments would have to succeed at the same time for the algorithm to work, which is improbable. The requirement of quantum memory implies, in practice, that the local qubits need to be stored in atomic internal states. Since the communication between distant sites still needs to be done by photons, a quantum repeater should rely on systems that present strong atom-photon coupling. Usually this strong coupling is obtained with the aid of high finesse cavities, in the field known as Cavity Quantum Electrodynamics (CQED). However, in spite of important recent advances,20-22 these techniques still require a reasonably complicated experimental setup, which could prevent the application on a larger scale of quantum communication and error correction protocols for CQED, as the ones described in Refs. 23 and 24, respectively. This was the context in which Duan, Lukin, Cirac and Zoller (DLCZ)
proposed an alternative protocol 25 for the implementation of quantum repeaters with atomic ensembles, which would require a much simpler experimental apparatus. The DLCZ protocol introduces novel ideas in several levels, from the physical process that couples light to atoms, to the way entanglement is achieved between distant atomic ensembles, and also on the details of the entanglement purification process. The main objective of the present chapter is to give an overview of this protocol and of the developments made towards its experimental implementation. Emphasis will be given on the experimental investigation carried out by our group at Caltech,26-28 but different developments by other groups will also be discussed alongside. 29 -32 Section 2 provides a description of the basic elements of the protocol, while the rest of the chapter is dedicated to the experimental progress. Sections 3 through 5 describe then the realization of the first step in the implementation of the DLCZ protocol, i.e., the control of the coupling between photons and atomic ensemble. Section 3 describes the first observations of such coupling as required by the protocol, through spontaneous Raman scattering on the single-photon level. In Sec. 4, it is shown that this process can also be used as a conditional source of single photons, a new application that was not in the original DLCZ proposal. Section 5 describes an in-depth analysis of the temporal structure of the two-photon wavepacket emitted by the sample. This gives detailed information on readout and decoherence timescales, which are important to the characterization of the quantum memory in our experimental setup. Sections 6 and 7 discuss further developments. In Sec. 6, we report recent improvements in the coherence time of our system, and discuss the prospects for further increases. In Sec. 7, we discuss the experimental strategies to take the next step in the implementation of the DLCZ protocol: the generation and characterization of entanglement between atomic ensembles by the detection of a single photon. Finally, in Sec. 8 we draw our conclusions, and perspectives for future developments.
DLCZ Protocol for Quantum Repeaters
The building block of the DLCZ protocol is an ensemble of Na identical atoms with lambda-type energy level configuration as shown in Fig. 1 By sending in a weak, off-resonant laser pulse, one atom of the ensemble might be transfered from Ig) to Is), thus emiting a photon at a frequency or polarization different from the original exciting field. A key element of the protocol is the collective enhancement of this spontaneous Raman scattering in a forward direction, which is determined by the spatial mode of the laser pulse and the geometry of the excitation region. 33 If the laser intensity is low enough so that two excitations are very unlikely, the detection of the photon generated in this process is a signature that the ensemble was excited to a symmetrical collective state,25,33 which can be explicitly written as 1 Na
where the sum goes over all atoms addressed by the laser pulse, and 11a)
indicates the state of the atomic ensemble with just one excitation. This is the "writing" step of the protocol (Fig. 1a) . reading processes, with Ig) the initial ground state and Is) the ground state for storing a qubit. Ie) and Ie') are excited states. The transition Ig) -> Ie) is initially coupled by a classical laser pulse (write beam) detuned from resonance, and the forward-scattered Stokes light (field 1) comes from the transition Ie) -> Is), which has different polarization or frequency to the write light. A classical read pulse then couples the transition Is) -> Ie'), leading to the emission of forward-scattered anti-Stokes light (field 2) from the transition Ie') -> Ig).
Since the excitation probability X is very small, the whole state of the system consisting of atoms and forward-scattered mode of light is in the following form: (2) where X « 1, Inl) stands for the state of the forward-propagating light with n excitations, (3 is an arbitrary phase, and IDa) = ®f a Igk O (X) represents all the other possible excitation processes, which in the ideal case occur with probabilities of order X2. The system remains in this state for a time on the order of the lifetime of the ground states. The state of Eq. (2) shows already a certain amount of entanglement (small, because X is small) in the excitation-number basis between the atomic ensemble and the forward-scattered light field. One can thus manipulate the state of the atoms by acting on the state of the emitted field. Note, however, that the state of Eq. (2) and in the following equations can be considered entangled only if one knows the phase 13.
By sending in a second ("read") pulse resonant with the Is) -> Ie') transition, the state of the atomic ensemble can be transferred (read out) to another forward-propagating light field 2 at the Ie') -> Ig) transition (see Fig. 1b ). In this way, it is possible to access the quantum state of the atoms. This reading process is then closely related to low-light-Ievel Electromagnetically Induced Transparency. [34] [35] [36] The case in which Ie) = Ie') is called, in the following, a three-level scheme of excitation, while at four-level excitation schemes Ie) -I-Ie'). Note also that the resultant state of the two forward-scattered modes (1,2) can be written, in the ideal case, as 1¢1,2) = 101)102) +,jX 11 1)1 12)
i.e., the photon numbers in the two modes are correlated, precisely as for parametric down conversion. 37 The scheme to create an entangled pair of ensembles is shown in Fig. 2 .
Two write pulses are sent into two ensembles, Land R. At the output of the ensembles, the scattered fields and the ensembles are in the state:
The scattered fields are later combined on a 50-50 beam splitter, with outputs directed to two photo detectors. In the ideal case, neglecting terms of order X describing two or more excitation, detection of a photon in either detector then projects the state of the ensembles to the entangled state 1 .
where 7]1 relates to the difference of phase shifts in the two channels connecting the ensembles to the beam splitter (see Sec. 8), and the initial phase difference 13 L -13 R. The sign ± depends on which detector records the event.
Note that the presence of certain sources of noise, especially dark noise on the detectors, modifies the above pure state to where c6 gives the probability for a detection not related to excitations on the ensembles. This state is called an effective maximally entangled (EME) state. 25 The DLCZ protocol is designed to be resilient to this important kind of noise, since it always requires further detection events to proceed. The detection events without excitations in the relevant atomic modes have then a high probability of being discarded right after they occur. This is the main origin of the "build-in entanglement purification" characteristic of the protoco1. 25 Note that in writing (6), we have neglected higher-order terms involving pairs of excitations (one in each ensemble) and two excitations in either ensemble, which are intrinsic to the protocol of DLCZ, as well as diverse imperfections relevant to actual experimental implementations. The ensembles are pencil-shaped, and excited by synchronized writing pulses. After filtering, the Stokes pulses are collected and coupled to optical channels. The pulses after the transmission channels interfere at a 50%-50% beam splitter BS, with outputs directed towards two single-photon detectors Dl and D2. Ideally, if Dl or D2 records a detection event, the process is finished and entanglement is successfully generated. Otherwise, the system is restored to its initial state and the process is repeated until Dl or D2 records a click.
The maximum distance between the above entangled ensembles is limited by the attenuation length of the communication channels of field 1. To extend the distance between entangled ensembles, one applies the entanglement swapping scheme, Fig. 3 . In this way, two pairs of ensembles need first to be prepared in the entangled state described by Eq. (5). Note that, since the entanglement process is probabilistic, the two pairs of ensembles do not necessarily become entangled at the same time. Due to the system memory, however, once a pair is entangled, one can hold the en-tangled state and wait for the other pair to attain entanglement. This is an important advantage of the quantum repeater idea, which is responsible for the polynomial growth in number of trials with the distance between the final entangled pair. Other quantum communication schemes, like the quantum relay38 that require all parts to be entangled at the same time, present an exponential growth with distance. Otherwise, the process fails, and the previous entanglement generation and swapping need to be repeated until a click is recorded in Dl or D2.
Once the two entangled pairs are obtained, the distance of entanglement is then doubled through the entanglement connection scheme shown in and R in an EME state like the one of Eq. (6) (Fig. 3b) . The "vacuum" coefficient Co now also includes the probability of reading the two excitations from the pairs (h,12) at the same time, leaving no remaining excitation in Lor R.
The EME states created between distant ensembles can then be used to implement several entanglement-based communication schemes, such as quantum cryptography, teleportation, and Bell-inequality measurements. We refer the reader to the original DLCZ paper25 for the details on how to implement each of these schemes. In order to appreciate the broad applicability of the DLCZ protocol, however, it is important to note that a pair of entangled ensembles can be used to represent a qubit, with the states {IOahI1a)R,11a)LIOa)R} mapping to the usual qubit basis, {10), 11)}, in the ideal case. An experiment in this context has been recently reported by Matsukevich and Kuzmich. 32 The probabilistic character ofthe DLCZ scheme, however, imposes stringent requirements for the coherence times for the quantum memories at the various sites in Fig. 3 . Namely, the coherence time Tmemory for each memory is required to be much longer than the time t1tc taken to establish an entanglement connection between two nodes in the network. Since t1t c is given approximately by the inverse of the rate Rs of detection events for the photons 1 generated by the write pulse, we require roughly
Here PI gives the probability of detection of a scattered photon from a write pulse in each trial of the experiment and RI gives the rate at which successive trials can be carried out. The maximum repetition rate is given by the inverse of the time light takes to travel from one site to the other, so that RI < ell. Since Ixl 2 « 1 and the propagation and detection efficiencies from an atomic ensemble to D I , D2 are also small, PI '" 10-2 , which with l ;::: 10 km implies Tmemory » 10-3 seconds. Notice that Tmemory results, in practice, in a new limit for the maximum distance for communication with this protocol. The search for larger memory times is then one of the major goals in the actual implementation of the protocol, as discussed in more detail in Sec. 6.
Nonclassical Photon Pairs from an Atomic Ensemble
As the first step to realize the DLCZ protocol, our group investigated the correlation between the fields 1 and 2 at the single photon level. 26 Since photon 2 is generated by reading out the stored collective excitation, these correlation measurements probe directly the nature of the quantum memory in our experiments. We were particularly interested in testing the quantum character of the field correlations in the single-photon regime required by the protocol.
The experimental setup for this investigation is illustrated in Fig. 4 . The atomic sample consists of a magneto-optical trap (MOT) of cesium atoms, where the Cs hyperfine manifolds {168 1 / 2 , F = 4); 1681/2, F = 3); 16P3/2F' = 4)} correspond to levels {Ig); Is); Ie)}, respectively. The period for each trial is 4 J.Ls, in which the trap light is switched off during 1J.Ls. In this "dark" period the write and read pulses are sent into the MOT to generate the two forward scattered fields 1 and 2. In the first experiment 26 these fields were then directed onto two single-photon detectors D1 and D2. In the following experiments 27 ,28 four detectors were used, as illustrated in Fig. 4 . The write pulse is made sufficiently weak so that the probability X to scatter one Raman photon into field 1 is much less than unity for each pulse. The read pulse is about 100 times more intense than the write pulse to optimize the readout efficiency of the atomic excitation to field 2. A challenging aspect of the experiment is to separate the classical pulses from the weak nonclassical fields, since they are temporally and spatially overlapped, and their frequencies are only 9 GHz apart. In the first experiment 26 the filtering had three stages. First, field 1 (2) was separated from the write (read) pulse in a polarizing beam splitter (PBS) right after the MOT chamber. Later, the leakage of the excitation pulses that still escapes the PBS in the wrong direction was spectrally filtered by opticallypumped vapor cells. 39 Finally, field 1(2) was distinguished from the read (write) pulse by temporal gating of the detection. A further improvement was to use a four-level scheme of excitation,27 in which write and read pulses are 42 nm apart. This allows a fourth filtering stage by narrow-bandwith optical filters, and the study of correlations with temporally overlapped write and read pulses. 27 ,28 In order to investigate the quantum nature of the correlations, we use the fact that there exists a well-defined border between the classical and quantum domains for fields 1 and 2 that can be operationally accessed via coincidence detection, as was first demonstrated in the pioneering work by Clauser. 4o In this way, we measure the joint detection probability Pl,2 for both detectors (D1 and D2) to record an event in the same trial, and the singles probabilities PI and P2 to register an event in detectors D1 and D2, respectively. By splitting field i with a 50-50 beam splitter and directing the output to the two detectors, the joint probabilities Pi,i are also measured, where i = 1 or 2. Fields for which the Glauber-Sudarshan phase-space function is well-behaved (i.e., classical fields) are constrained by a Cauchy-Schwarz inequality for the various probabilities,4o-42 namely: This violation of the Cauchy-Schwarz inequality (8) clearly demonstrates the nonclassical character of the correlations between photons 1 and 2. Moreover, the measured coincidence rates in this experiment explicitly documented the cooperative nature of the emission process. 41 Several developments on these measurements of non-classical correlations followed from this first work. Jiang et al., 30 at University of Science and Technology of China, used a magnetically-shielded vapor cell instead of the MOT of the previous work. In this configuration, they were able to violate the non-classical inequality with a delay between write and read pulses of 2 J-LS, for pulse durations of about 1 J-LS, explicitly obtaining R = 1.34 ± 0.05. In a setup in our group, the use of a 4-level scheme of excitation improved the filtering, and allowed measurements of large violations of the inequality (8) by decreasing the delay between the excitation pulses. 27 Further increase in the violation was observed in the analysis of the temporal structure of the correlations between photons 1 and 2 (see Sec. 5 and Ref. 28) . Table 1 summarizes the measured values of Rand 91,2 for these several situations. 
Atomic Ensemble as Conditional Source of Single Photons
The large degree of quantum correlation between fields 1 and 2 observed in Ref. 27 (see Table 1 ) supports the presence of field correlations for single photons that are required by the DLCZ protocol. This observation, however, allows applications that go beyond this protocol. Most notably, it indicates that this system might work as a good conditional source of single photons.
Efforts to generate single-photon wave packets can be broadly divided into techniques that provide photons "on demand" (e.g. quantum dots 43 -45 or single atoms 46 coupled to microcavities) and those that produce photons as a result of conditional measurement on a correlated quantum system. For conditional generation, the detection of one photon from a correlated pair results in a one-photon state for the second field, as was first achieved using "twin" photons from atomic cascades 4o , 47 and parametric down-conversion. 49 The photon pair production discussed so far in this chapter introduces then a new avenue for producing single photons via conditional measurement, i.e., using optically thick atomic ensembles with quantum memory. The system memory adds the important capability of controlling the delay between the trigger detection and the single photon. 1211 1 ) is the conditional probability for detecting two photons from field 2 once an initial photon from field 1 was detected, and p(c)(12111) is the probability for detection of one photon 12 given a detection event 11. Bayes' theorem allows the conditional probabilities to be written in terms of single and joint probabilities, so that 47 ,48 (
where Pl,2,2 gives the joint probability of detecting one photon in field 1 and two photons in field 2. Classical fields must satisfy the inequality w ;::: l.
For independent coherent states, we should find w = 1, while for thermal beams, w = 2. However, for the state 14>12) of Eq. Another observation of the single photon character of field 2 was reported by Eisaman et al. 31 Measurements of the second order intensity correlation function g~2] (AS) of field 2 as a function of the mean photon number in field 1 revealed a parameter region where g~~ (AS) < 1 (see Fig. 6 ), indicating the nonclassical character of the anti-Stokes photon states. The Mandel Q parameter 37 for field 2 was calculated from the results of Fig. 6 to be Q = -0.09 ± 0.03 for ns = 2 (Q 2: 0 for classical states and Q = -1 for Fock states).
Temporal Structure of the Nonclassical Correlations
As discussed so far in this chapter, ceNtral to the DLCZ protocol is the ability to write and read collective spin excitations into and out of an atomic ensemble, with efficient conversion of discrete spin excitations to singlephoton wave packets. A critical aspect of such wave packets is that they are emitted into well defined spatiotemporal modes to enable quantum interference between emissions from separate ensembles (e.g., for entanglement based quantum cryptography. 25) 31 in the few photon regime. As shown in Fig. 7 , these authors achieved good correspondence between their measurements and the theoretically calculated photon fluxes. The observed dynamics provide evidence for the collective nature of the process, and indicates possible ways to control the shape of the single-photon wave packets.
The high efficiencies achieved in the work of Ref. 27 enabled us to investigate in detail the temporal properties of the nonclassical correlations between emitted photon pairs,28 providing a direct look at different im- portant features of the complete two-photon wave packet (field 1 + field 2) generated by the system. To address the photon statistics, we use four avalanche photodetectors, a pair for each field, as in the previous section. In the following analysis, our main quantity of interest is Pr(h, t2), the joint probability for photoelectric detection of photon 1 at time h and photon 2 at time t2 within a time window given by T. The times for this quantity are counted starting from the beginning of the write pulse. Two other quantities necessary to measure R with temporal resolution are Pr(tl, h) and Pr(t2, t2), the joint probabilities for two-photon events in fields 1 and 2, respectively. These quantities are determined from the record of timestamped detections on all four photodetectors, allowing us to measure autocorrelations and cross correlations simultaneously. The detectors have a time resolution of 2 ns (minimum bin size), but usually we need to con-sider larger bins to acquire enough events for the statistics. The specific expression that we use to calculate R from these quantities is (10) Another important quantity to measure is the joint probability qr(tl, t2) for detections from fields 1 and 2 coming from different trials, i.e., uncorrelated. In this case, tl and t2 have different time origins, they begin on the rising edge of write pulses from different trials. This quantity is expected to be proportional to the product of intensities of the fields 1 and 2, in reasonable correspondence to the form shown in Figs. 8(b) (tl, t2) quantifies the degree of two-photon correlation for the system.
In our experiment, we focus on two cases: The temporal dependence of R closely follows Pr(tl, t2).28 To deduce R from Eq. 10, we acquired the joint detection probabilities Pr(tl, tl) for field 1 and Pr(t2, t2) for field 2 from the same record of photoelectric events as for Figs. 8a and 8c. The maximal observed ratio R in a short temporal window of 30 ns is Rmax = 292 ± 57 for !::"t = 50 ns and Rmax = 202 ± 60 for 5t = 200 ns (R = 198 ± 33 in the neighboring bin), which strongly violate the classical inequality R ::::; 1. The relatively large errors in R arise predominantly from the uncertainties in Pr(h, tl) and Pr(t2, t2), as the rate of detection of two photons in the same field is much lower than that of the correlated detection.
Decoherence in the Atomic Ensemble
As discussed in the previous section, the temporal structure of the twophoton wave packet emitted by the sample is strongly affected by decoherence effects, once the read and write pulses are delayed such that they do not overlap. This decoherence results in a strong decrease of the correlations between photons 1 and 2. The timescale for this decrease is on the order of 100 ns, very short for any process that relies only on atomic ground-state coherence.
This decoherence timescale, however, is consistent with the inhomogenous broadening of the ground state caused by the quadrupole magnetic field of the trap. In order to confirm that this is indeed the origin of the observed fast decoherence, we developed a model for the process taking into account the effect of the spatial variation of the MOT magnetic field and the resulting splitting of the atomic Zeeman states, and compared these results with measurements of jh,2 as a function of the delay 1St between read and write pulses. Figure 9a shows the result of this comparison.
In Fig. 9a , the normalized correlation function 91,2 was determined from the ratio of integrated coincidence counts to singles counts over the entire detection window of 200 ns. The initial growth of 91,2 for small Ot comes from the fact that photon 2 can only be detected after the generation of a photon 1, since we initially optically pump all atoms to the F = 4 hyperfine state. In this way, if the read pulse arrives prior to the write pulse (Ot = -Tp) we should observe no coincidence counts, and the number of coincidences should grow as the read pulse is delayed toward positive values. If the decoherence timescale is much longer than the pulse duration and the read pulse is weak, the integral number of coincidences should reach a maximum when the pulses are exactly back to back (1St = Tp), and then stay constant at this maximum for further delays. For strong read pulses, the maximum can be achieved at a shorter timescale, on the order of Ot ~ Ot12 (see comments to Fig. 8a ), staying constant later on. For the experiments described in the previous sections, the decoherence time is on the order of the pulse duration and the read pulse is strong, resulting in a maximum at 1St < Tp followed by a fast decay, as described by the open circles in Fig. 9a .
Since this strong decoherence seems to be related to the MOT quadrupole field, an immediate way to improve the coherence time is then to turn off this field. This needs to be done, however, as fast as possible in order to keep the high optical density of the atomic medium together with a high repetition rate for interrogation trials. The measurements of 91, 2(Ot) in this situation are shown in Fig. 9a (squares) . Note that the coherence time improves significantly, but there is still a decay related to residual magnetic fields (~30mG) in the MOT region. When comparing the curves with and without magnetic field, it is important to have in mind that they were taken at different coupling conditions and atomic densities, so that the change in their maxima should not be attributed only to a change in the magnetic field. The modification in the rate of loss of coherence, however, can only be observed by turning off the field. initially spin polarized sample classically excited by fields with polarizations such that only a magnetic insensitive transition is allowed, see text for details. In (b), the same arbitrary scaling factor was used for all curves.
In order to understand in detail the shape of the experimental curves in Fig. 9a , we extended the theoretical treatment of Duan et al. 33 to include the reading process as well as the full set of Zeeman states for the F = 3,4 hyperfine levels. The sample of Cs atoms is assumed to be initially un polarized and distributed over the same range of magnetic fields as for the MOT. With write and read pulses that approximate those used in our experiment and separated by ot, we calculate the joint probability pi\(ot) , to generate a pair of photons in the fields (1,2) . We compare the quantity P1,2 = ~pi~2 to the measured 91,2 by way of a single overall scaling parameter ~ for all ot, as the rate of single counts in fields (1,2) is measured not to depend on Ot (to within 20%). The form of P1,2 strongly depends upon the inhomogeneity of Zeeman splitting across the MOT, which is described by the parameter K = /-tBgpgLb/h, where L is the MOT diameter, b is the gradient of the magnetic field for the MOT, and gPg is the Lande factor. The solid curve in Fig. 9a is the theoretical result for an initially unpolarized sample with K = 1.1 MHz, as for the experiment with the quadrupole field on (where L ~ 3.6 mm and b ~ 8.4 G/cm). The fast decay of the correlations is then adequately described by the model.
The dashed curve in Fig. 9a gives the decay expected for a magneticfield gradient such that K = 40 kHz. This gives a reasonable approximation to the behavior of 91,2 under the action of the residual magnetic field, even though the spatial dependence of this field can be more complicated than a simple linear gradient. The change in K from 1.1 MHz to 40 kHz is consistent with the reduction of the ground state linewidth between the two cases, as measured directly by Raman spectroscopy5° in our setup.
The theory developed to explain the data in Fig. 9a , on the other hand, can also be used to devise new ways to improve the system. The inclusion of the Zeeman structure in the theory, for example, allows the study of different polarization schemes for both classical excitation and photon detection. It also allows the investigation of the role of the atomic initial state on the measured correlations. In is magnetic-field insensitive. Furthermore, it is possible to devise a polarization scheme of excitation that allows only this specific transition for any 8t, as e.g. when the write pulse and field-l detection are a+ polarized, and the read pulse and field-2 detection are a-. This is the case for the dotted curve in Fig. 9b .
The idealized improvements described by the dotted and dash-dotted curves of Fig. 9b , however, will probably be limited by two effects which are not taken into account by the theory. First, in our experimental setup we should see a decay with a timescale on the order of 100 ps due to the average time the cold atoms take to cross the 30 pm beam waist of the classical write and read pulses. Second, the theory assumes the presence of a magnetic field predominantly in the z direction, which defines the quantization axis. This can be obtained by applying an extra DC magnetic field along that direction,51,52 but any residual transverse field should lead to some decay of the plateau. In spite of these restrictions, however, we believe that such improvements could lead to an increase of perhaps two orders of magnitude over the largest experimental de coherence time of Fig. ga . It is also clear that there is a benefit in the careful preparation of the initial state for the magnitude of the measured correlations. This is an important point that should also be taken into account when considering the implementation of the DLCZ protocol in vapor cells.
It is essential to have in mind, however, that all coherence-time values discussed above are still far from fulfilling the requirement imposed by Eq. (7) on Tmemory. The largest memory times that can be obtained in vapor cells or MOTs (of the order of milliseconds) should be enough to provide proof of principle demonstrations of all of the critical elements of the DLCZ protocol. However, in order for this protocol to become really an alternative to long distance quantum communication, new technologies must be introduced. An association of purely optical traps (e.g., a FORT53) with good magnetic shielding may eventually provide the required duration for the coherence time.
Prospect for Entanglement between Distant Ensembles
All previous sections discussed experiments related to the control of the photon generation process that is the basis of the DLCZ protocol. As explained in Sec. 2, however, this is just the first step. Entangling two spatially separated atomic ensembles is now the next essential step towards the realization of the protocol. In this section, we discuss the requirements to realize experimentally such entanglement and how to verify it.
As already mentioned in Sec. 2, to create entanglement between two spatially separated ensemble, Land R, we start by simultaneously exciting the two ensembles with a weak write pulse. At that point, the state of the system is given by Eq. (4). The photons emitted in the forward scatteredmode in each ensemble are then directed towards the input modes of a 50-50 beam splitter, as shown in Fig. 2 . If the excitation probability is small enough and provided that the two fields entering the beam splitter are indistinguishable, the information concerning the origin of those fields is erased, and a detection event in the photo detector projects the two ensembles onto an entangled state. In an idealized setting, the resulting state is (11) where EdER) is the normalized amplitude of photon generation from ensem- To verify that an entangled state of the two ensembles has been created, the first step is to map the delocalized atomic excitation into a field state, by applying simultaneously a strong read beam at the two ensembles. Assuming that the mapping succeeds with a probability unity in an idealized case, the conditional overall state of the system becomes: (12) where the phase "72 is, similarly to "71, the sum of two contributions, taking into account the phase difference of the read beams at the ensembles and the propagation phase of field 2. In this idealized setting, the atomic entangled state has now been mapped onto a photonic state entangled in the photon number basis (one photon with the vacuum), in two different spatial modes Land R. To show entanglement, there are two possibilities. The first one is to use the scheme proposed by Tan et ai. 54 to demonstrate non-locality of a single photon (Fig. lOa) . The second one is to reconstruct the density matrix of the entangled state, a procedure known as quantum tomography (Fig. lOb) . The former method has the advantage that it detects entanglement irrespective of assumptions about multiple (and zero) excitations. on the other hand, it does not determine how much entanglement one created. Tomography does give a quantitative answer but requires one to explicitly take into account multiple-and zero-excitation probabilities.
Of course, the states in Eqs. (3)- (6) and (11)- (12) are idealizations relative to an actual experiment. Specifically, Eq. (6) is not realistic in that (a) terms with 2 or more excitations in either ensemble are neglected, (b) it is assumed that all excitations are in the correct "modes", both for the signal mode and the atomic ensembles, (c) it is assumed that each excitation of the atomic medium leads to a signal photon, and (d) diverse sources of uncorrelated background light are omitted. Hence any verification protocol must be expanded beyond the idealizations of Eqs. (11) , (12) to provide a robust, model independent determination of entanglement. 55 An initial attempt to create entanglement between two ensembles located within the same MOT has been reported by· Matsukevich and Kuzmich.
32 Unfortunately, due to a verification protocol that does not address many of the system's imperfections listed above, the interpretation of their results is strongly model dependent. 55 Although the experiment demonstrated a substantial amount of coherence between the two ensembles, appropriate analysis and measurements are missing to determine conclusively the creation of entanglement. Particularly, we understand that the measurements reported in Ref. 32 can be reproduced by states of the two ensembles that are unentangled. Land R, for entanglement generated as suggested by the DLCZ protocol. Conditioned on the detection of a first photon 1, the single excitation stored in the pair of ensembles is retrieved by read pulses that simultaneously excite each ensemble. (a) In the single photon non-locality scheme, the two output channels from the ensembles are directed to separate homodyne-detection setups. Correlations between the two detection regions are then used to verify if a Bell's inequality is violated, in which case entanglement between the two output channels is demonstrated. LO stands for local oscillator. (b) In the quantum tomography scheme, the two output channels from the ensembles are directed to the same beam splitter, and a phase <p can be introduced in one of the channels in a controlled way. The overall detection probabilities for single and double events are then obtained, together with the visibility of fringes observed with the variation of <p. These quantities are then used to reconstruct the density matrix p of the system, from which a measure of entanglement can be calculated. 
Single photon non-locality
where a is the amplitude of the LO. If a is very small, the visibility tends towards one. If V is higher than 1/;2, a Bell inequality can be violated when four detectors are used. This experiment requires the detection of triple coincidences, since the entanglement is always conditioned on the detection of a first photon. To date, only one experiment has demonstrated this scheme, using conditional single photons generated from parametric down conversion. 56 However, the background due to coincidences from either two signal photons or two photons from the LO had to be subtracted, in order to obtain enough visibility to violate a Bell inequality. Moreover, the standard analysis needs to be extended beyond the ideal state of Eq. (12) to include the various imperfections of any implementation of the DLCZ protocol. 25 
Quantum tomography
Another possibility to demonstrate entanglement is to reconstruct the density matrix PL,R of the photonic state in the two modes Land R and to calculate the amount of entanglement using e.g. Wootters' formula. 57 As previously discussed, the state given by Eq. 12 is an ideal state. In a real experiment, the state will be a mixed state containing contaminations from vacuum and higher order photon states, due to inherent atomic excitation statistics and various background light sources. If one neglects the events where two excitations are created in the same ensemble, 58 the total photonic state is an entangled state of two qubits living in a Hilbert space spanned by: 112)LI02)R, I02)L112)R, 112)LI12)R and I02)LI02)R. The density matrix can be written (for simplicity, we ignore all coherence terms between states with different numbers of excitations):
PL,R = (T ~::,o ~ ) , o 0 0 Pu (14) where D satisfies IDI2 :::; P01P10. The diagonal elements, which are the probabilities Pij to find i photons in mode Land j photon in mode R, can be determined by directly counting the number of photons in each mode. The coherence term D can be determined by adding a phase shift in one mode and then mixing the resulting state on a 50/50 beam splitter (see Fig. lOb) . By recording the count rate after the beam splitter as function of the phase shift, one can measure an interference fringe with a visibility V. It can be shown that V = 2IDI/(PlO +P01). Once the density matrix has been reconstructed, the amount of entanglement can be determined using Wootters' formula. The result for the concurrence Cis: C = max(2IDI-2 V(PooPu) , 0). (15) The entanglement is given by: E=hC+~) (16) with h(p) = -P log2 P -(1 -p) log2 (1 -p) . We see that the probabilities Poo and Pu to have no excitation and one excitation in each mode, respectively, are essential in order to determine the amount of entanglement. Advantages of this method are that it requires no LO and that the coherence terms (which requires interferometric stability) can be determined with the record of double coincidences.
Finally, it is important to have in mind that probabilities such as Poo and pu must be deduced from corresponding photodetection probabilities, e.g., Qoo and Qu. The actual experimental values (p~~P, p~?, ... ) to be used as inputs for the previous expressions to evaluate the amount of entanglement in the system must always be obtained by an inversion procedure of the direct measurements of photo detection probabilities. This inversion procedure takes into account, e.g., the propagation and detection efficiencies in the experimental setup.
Concluding Remarks
The DLCZ protocol represents today one of the most promising schemes to solve the problem of long distance quantum communication. It suggests new ways to store information in atomic ensembles, to manipulate it, and to generate entanglement between remote systems. In this chapter, we have presented a discussion of initial experimental steps towards the realization of this protoco1 25 that are being pursued by groups worldwide. 26 -32 These experiments have already made important progress to generate and store single quanta in atomic ensembles.
However, much work remains to be done in order to demonstrate an elementary version of a quantum repeater using the DLCZ protocol. In particular, many experimental challenges must be solved in order to connect distant atomic ensembles. Nevertheless, the results presented in this chapter already indicate that the implementation of this protocol will lead to the development of many important tools for various tasks in quantum information science and quantum control.
